Abstract Analytical pyrolysis with thermally assisted hydrolysis and methylation was employed to investigate ancient ointments collected from Spanish vessels coming from the sixteenth century pharmacies. The ointments were reproduced on the basis of historical recipes and characterization was made in comparison with real samples. Characteristic markers indicate the presence of beeswax, of animal and plant lipids, and of natural resins. Analyses of old samples are consistent with the modern reproductions and with the analysis of raw materials. Multivariate data analysis was used to discriminate between the different types of lipidic materials, also in connection with their relative amount in the samples.
Introduction
The study of ancient preparations in cosmetics and medicine is quite interesting because it provides information about cultural habits and scientific and technological knowledge of past civilization.
For example, studies carried on Egyptian make-up powders showed the presence of organic and inorganic compounds even with some of synthetic origin, proving that ancient Egyptians had the knowledge of wet chemistry [1, 2] . Also more recent materials can provide interesting information, for example about the development of surgery and medical practices in the sixteenth century [3] .
Some historical texts give accounts on recipes of preparations, but in most cases, ingredients and modality of making are not disclosed; therefore, analytical characterization of ancient samples becomes necessary to understand their compositions. Furthermore, labels on vessels may be wrong or absent, or the terminology used for description may be obsolete and not comparable with that used at the present.
Residues found in archaeological vessels often contain a large variety of constituents, both organic and inorganic, and of natural origin as plant gums and resins, waxes, and lipids. These materials are complex and often show macromolecular characteristics that add further difficulty in chemical characterization. The analysis is furthermore complicated by the presence of mixtures or contaminants and by the changes in original raw ingredients composition due principally to ageing processes and/or to chemical modification during ointments preparations. Ageing processes may derive not only from the environmental conditions to which the object has been exposed, but also from inappropriate conservation conditions adopted after its discovery and acquisition.
For the analysis of samples with complex chemical composition, the technique of gas chromatography coupled with mass spectrometry is particularly useful. Due to their polymeric features, some materials require a chemical treatment before chromatographic analysis, but often the sample amounts coming from ancient vessels are not sufficient to perform such procedures. Analytical pyrolysis may overcome these difficulties in a twofold way. Firstly, by obtaining sample decomposition before chromatographic analysis the polymeric structures are fragmented and reduced to sizes compatible with the gas chromatographic separation. Secondly, the possibility of applying on-line derivatization provides further simplification of the analytical procedure, allowing to obtain in a single step decomposition, derivatization, separation, and identification of analytes. For these reasons, analytical pyrolysis is a suitable tool for studying samples of archaeological and artistic provenance [4] .
In the course of this study, carried on in collaboration with other Italian research groups, on samples coming from Aboca Museum (Sansepolcro, Arezzo, Italy) and contained in characteristic pharmaceutical vessels called albarelli, fabricated in Spain and dated from the sixteenth and seventeenth century, we have investigated the chemical composition of historical ointments and the molecular structures of the components. The more comprehensive results were obtained by means of pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) with thermally assisted hydrolysis and methylation (THM) employing tetramethylammonium hydroxide (TMAH). This technique is widely used in the field of cultural heritage, but not deeply tested on ointments and similar materials, due to the complex nature of this type of samples.
This study is part of a multi-analytical investigation, and Py-GC/MS, in this context, has the role of providing information about the composition of excipients, being a rapid method which requires very small amount of material and suitable for macromolecular components.
Following the available historical sources, a first reconstruction of original recipes could be done. The ointments were reproduced as modern preparations, and they were analyzed for comparison with the real samples. The modern preparations were also artificially aged. In this way, it is possible to ascertain if the technique is capable of providing information about the samples suitable for identification of the ointment on the basis of excipients and other macromolecular components. With this aim, multivariate data analysis was used to compare analysis performed on raw materials, ointment reproduction, and real samples. Attention was focused on lipidic fraction, for that original material attribution is critical.
Moreover, the comparison of results allows to understand if the raw materials used in the past were the same as those nowadays available and if the ancient producers really followed the recipes reported in literature.
Materials and methods
The four ancient samples coming from Aboca Museum (Sansepolcro, Arezzo, Italy) are a set of ointments recovered from vessels dated from the sixteenth and seventeenth centuries. Their original containers have labels that suggest the names of the recipes.
Unguentum althea (inventory no. 5007) is a solid and brown material. Unguentum pro Igne (50015), Unguentum Colophonie (50017), and Unguentum rosatum (50509) are reddish-brown sticky pastes. Sample 50015 and 50017 smell rancid.
For comparison with the original samples, the preparations were reproduced on the basis of ancient recipes. The sources of recipes were in particular Farmacopea Augustana (A. Occo, 1597), Ricettario Fiorentino, Farmacopea Hispanica, Nuovo Formulario Magistrale (A. Bouchardat), and Abrégé de Matière médicale et de Thérapeutique (C. Binz). In these ancient books also, the description of raw materials was found. The finding of historical recipes and raw materials and the reproduction of ointments were done at the Faculty of Pharmacy of Università degli Studi di Modena e Reggio Emilia (Italy).
The composition of ointments obtained from ancient historical sources is listed in Table 1 . All the raw materials were individually analyzed and some of them submitted to accelerated artificial ageing. In particular ozonolysis was applied, considered to be one of the strongest oxidation processes. This treatment was also applied to some of the preparations reproducing ancient ointments. Ageing with ozonolysis was done at the Università degli Studi di Milano Bicocca, Department of Scienze Ambientali e del Territorio (Milano, Italy). For lipids also binary and ternary mixtures in different proportion were analyzed, to obtain a reference data set for chemometric treatment.
Raw materials, new preparations, and historical samples were analyzed using Py-GC/MS with THM [5] . The derivatizant used was TMAH in aqueous solution at 25% w/w (Sigma-Aldrich-MI-Italy).
Small portions of the samples were loaded in a quartz tube closed with two small pieces of quartz wool, then 5 μL of TMAH in aqueous solution was added using a microsyringe. Pyrolysis was performed at 600°C with CDS Pyroprobe 1000 (Analytical Inc., USA) filament pyrolyzer directly connected to GC/MS system. Pyrolysis chamber was fluxed with helium. The GC is a 6890N Network GC System (Agilent Technologies, USA) gas chromatograph with a methyl-phenyl-polysiloxane cross-linked 5% phenyl methyl silicone (30 m, 0.25 mm i.d., 0.25 μm film thickness) capillary column. The temperature program was: 50°C for 2 min, then a temperature ramp to 300°C (heating rate 10°C/min to 130°C, 5°C/min to 180°C/min then 15°C/min to 300°C, held for 5 min). The temperature of the injector and of the Py-GC interface was kept at 280°C. The carrier gas was helium (1.0 mL/min), and the split ratio was 1/20 of the total flow. The mass spectrometer coupled to the GC apparatus was a 5973 Network MASS Selective Detector (Agilent Technologies, USA). Mass spectra were recorded under electron impact at 70 eV, scan range 40-600 m/z. The interface was kept at 280°C, ion source at 230°C, and quadrupole mass analyzer at 150°C.
All instruments were controlled by Enhanced Chem Station (ver. 9.00.00.38) software. The mass spectra assignment was done with NIST2008 library and by comparison with the literature data.
Results and discussion

Raw materials and modern reproductions
Analysis of the raw materials listed in Table 1 showed that many of them are not recognizable by means of specific markers. For example, pure turnip juice (data not reported here), one of the ingredients of Unguentum pro Igne, only shows the presence of some carbohydrate markers [5] [6] [7] and other non-identified compounds. It was therefore not possible to recognize the presence of this ingredient in a complex sample, in particular, when other carbohydratebased materials are present. In the pyrogram of Unguentum pro Igne III A aged with ozonolysis ( Fig. 1 ) turnip juice could not be identified. Other examples for this type of compounds are rose petals or rose water, contained in the recipes of Unguentum rosatum (not shown) and plant extracts as althea roots, line seeds, and foenum graecum seeds mucilages contained in Unguentum althea (Fig. 2) .
Another problem derives from materials easily identifiable in reference standards, but non-recognizable in real samples. One example is given by mastic, a triterpenic resins. Pyrogram of pure mastic (Fig. 3) shows characteristic markers of triterpenic compounds at high retention times, not very intense, and in some cases, affected by background noise. Some of these markers are moronic acid, oleanoic acid, oleanonic aldehyde, and olean-18-ene [8, 9] . The identification of this resin is extremely difficult, particularly in aged samples. In the modern reproduction of unaged Unguentum Colophonia, only three of the triterpenic markers present in the standard are found, with mass spectra extremely affected by background signals. No one signal of the mastic has been identified in the same reproduction after ozonolysis ageing (results not shown because only background signals are present).
The materials for which identification was successful are the lipids (pig suet, plant oils, and beeswax), diterpenic resins, and gum arabic.
For lipids, it is necessary to elaborate further, being these materials the most abundant in ointment compositions according to the data found in the ancient recipes. In addition, lipids are first in the ranking of temporal stability of the biomarkers, followed by carbohydrates, proteins, and nucleotides. Their resistance to decay and persistence at the original site of deposition make them excellent candidates for use as biomarkers in archaeological studies [10] .
Among the three classes investigated during the present study, beeswax is easily recognizable by Py-GC/MS, thanks to the characteristic n-alkanes/1-alkenes pattern at low retention times and to the long-chain alkanes/fatty acid series. In particular, long-chain fatty acids distribution, dominated by the abundance of C24 fatty acids, makes a kind of fingerprint that allows univocal identification of beeswax in a mixture [11] , also at low concentration.
Regarding the differentiation between plant oils and animal fats, in the present work, it is highlighted that with THM method it is not possible to identify the branched fatty acids, characteristics in animal fats [12, 13] . Drastic pyrolysis conditions destroy the triglycerides, whose distribution should be useful for lipids classification [12] . The only marker identified in pig suet, not present in plant oils, is the C17 fatty acid, while all other fatty acids are present in both types of lipids, although with different distributions. For example, it is possible to appreciate that the stearic acid relative abundance is higher in pig suet than in plant oil. In Fig. 2 , this feature is well depicted: sample VI A and sample VI B (both aged with ozone) contain the same basic ingredients (see Table 1 and 2), but plant oil is present in VI A whereas pig suet is present in VI B . In the pyrogram in Fig. 2b (VI B ) , the presence of pig fat is shown by C17 fatty acids and also by the stearic acid abundance comparable with that of oleic acid. In the pyrogram of VI A , the most abundant fatty acid is oleic acid and C17 fatty acids are not detected consistently with the presence of plant oil.
When plant oil and pig suet are simultaneously present, the resulting pyrogram is similar to that of pig suet, and it is therefore not possible to know if a plant oil is also present. An example is given by Unguentum pro Igne III A , containing both olive oil and pig suet. In the pyrogram Fig. 1) , the presence of C17 fatty acids is detected together with stearic acid more abundant than in a vegetable oil, as a result of the presence of an animal fat in the sample. However, it is not possible to prove that olive oil is present, due to the non-existence of specific marker compounds.
For identification of lipids in a mixture, and in particular for differentiation of plant oils from animal fats, it is therefore necessary that a more general approach, not based on individual markers but on semiquantitative treatment of the pyrolysis data, is used as described in a following paragraph.
The study of artificially aged raw materials and ointment reproductions showed that ozonolysis strongly affects all the components, and more particularly, the oils. Pig fat and semi-solid mixtures showed minor changes because oxidation took place only on the sample surfaces. In the reproduced ointments, a small amount of nonanoic and nonandioic acid (peaks 6 and 11), and nonanal (peaks 3) have been identified, which are typical products deriving from the oxidation of fatty acids with unsaturation on carbon atom in position 9 [14] .
Ancient samples
The pyrogram of Unguentum pro Igne (50015) is shown in Fig. 4a , and the peak assignment is listed in Table 1 . Markers of beeswax are well identified, confirming the presence of this material in the preparation. Also markers of lipidic material are found and the presence of peak 17 (C17 fatty acid methyl ester) suggests that the sample contains animal fat. Vegetable oils may be also present but, as previously discussed, they are not unequivocal markers which can be exploited. Peaks 7 to 11 suggest that material is aged. The possible presence of turnip juice and PbO, indicated by ancient recipes, cannot be detected with pyrolysis, as shown in the results from reference materials previously discussed.
The Unguentum althea (5007) sample appears contaminated by high molecular weight hydrocarbons (shown in Fig. 4d ) not referable to the presence of natural wax. These molecules may come from the packaging material that came in contact with the sample.
Although covered by these contaminant signals, it was possible to identify the presence of some fatty acids (peaks 15 and 18) that may be indicative of lipidic [15] . The ancient recipe for Unguentum althea suggests pine resin in the ingredient list, therefore this sample, even if deeply contaminated, might really be a remain of Unguentum althea, as suggested by the label on the container. In the pyrogram of Unguentum rosatum (50509; Fig. 4c ), C17 fatty acid methyl ester (peak 17) and the high amount of stearic acid (peak 19) suggest that the sample contains animal fat. As commented previously, oil may be also present but it is not possible to prove. With the method employed, rose petals and rose water, suggested by ancient recipes, could not be identified neither in ancient samples nor in the modern preparations.
The pyrogram of Unguentum colophonia (50017; Fig. 4b ) shows characteristic markers of aged lipids, in particular high amounts of fatty acids (palmitic and stearic, respectively, peaks 15 and 19) and the heptadecanoic acid methyl ester (peak 17) suggesting the presence of animal fat. Beeswax may be also present, as shown by the long-chain hydrocarbons and fatty acids methyl esters. Peaks 26 (acid dehydroabietic, methyl ester) and 30 (7-oxodehydroabietic acid, methyl ester) are indicative of a ditherpenic resin, which is in good correspondence with the oinment's name.
Lipids in Aboca Museum samples
For correct identification of lipids that represent the major fraction in the composition of the investigated ointments, the old samples from Aboca Museum were compared with the modern reproductions and with some of the reference compounds by using principal component analysis. In particular, peak integrations of the main markers were used to ascertain the type of lipids contained in the sample, and in what amount. In Fig. 5 , the biplot of scores and loadings on PC1 and PC2 are shown. It is possible to observe that the samples are located in different regions according the amounts of different ingredients, as shown by the arrows.
Sample 5007 (Unguentum althea) is located in the region dominated by the presence of unaged oils and by the VI A and VII A unaged and aged reference preparations. The latter preparations contain only oil and not pig fat; therefore, it is possible to confirm that in sample 5007 animal fat is not present.
The sample 50509 (Unguentum rosatum) is located in the zone with samples containing pig fat: IA, IB, and IC unaged reproductions of Unguentum rosatum, VIB both unaged and ozonyzed, pig fat reference sample alone, and in mixture with 10% of olive oil. These observations suggest that sample 50509 contains pig fat only or pig fat and oil, with higher amount of the first ingredient. The intermediate position of sample 50017 (Unguentum Colophonie) indicates that the sample contains pig fat and also vegetable oil and beeswax in comparable proportions. Sample 50015 (Unguentum pro Igne) also is located in an intermediate position, but translated in the direction of higher beeswax and lower pig fat concentration.
Samples 50509, 50017, and 50015 are located in the left part of the plot, and the relatively important amounts of azelaic acid (nonandioic acid), which is the principal Fig. 5 Score plot of principal component analysis performed on data obtained from real samples, reference ointments, and raw materials by means of THM marker of aged lipids, is a truly reliable indication that these three sample are really ancient samples, not contaminated by recent materials.
Conclusions
The molecular characterization of organic constituents in ancient ointments has been pursued in this study with the application of Py-GC/MS techniques. To that goal, historical recipes of ointments have been reproduced and tested for creating a data base of results on the reference ingredients; ancient ointments have been subsequently analyzed and the compositional results compared with those from the reference materials.
In all the investigated samples, it was possible to identify the lipidic components and the natural resins. Some of the minor ingredients could not be detected, neither in the modern reproductions nor in the raw ingredients, due to the intrinsic limits of the Py-GC/MS technique. As it is generally the case, and particularly with the complex samples coming from cultural heritage artifacts, complementary information can be obtained with other diagnostic techniques, in particular from IR and Raman spectroscopy for the identification of inorganic components. For other types of organic molecules, like the dyes contained in curcuma and in turnip juice, respectively present in Unguentum althea and Unguentum pro Igne formulations, a liquid chromatography/mass spectrometry approach should be employed.
The discrimination between different kinds of lipids is indeed difficult due to the lack of precise quantification of triglycerides in the different cases. Not only is it not possible to identify the precise origin of the species, but in many cases it is also difficult to understand if the lipid comes from animal of plant source.
The use of multivariate data analysis allowed evaluation both of lipid origin and of their relative amounts in ancient samples and in modern preparations as well. The matching between recipes and ingredient amount disclosed by principal component analysis is good and allowed the validation of samples originality and of the containers labels accuracy.
